Previous work in the Colorado alpine ecosystem has shown that amino acids are a potentially important N source for the sedge, Kobresia myosuroides. This plant is the only known sedge to harbour associations with ectomycorrhizal fungi. The aim of the present work was to test the hypothesis that these ectomycorrhizas transfer N from amino acids in the soil solution to the host plant, and thereby have an important role in the N nutrition of this species. We used a two-chamber system (rhizoboxes) in which K. myosuroides plants were separated from a soil chamber by nylon mesh that allowed fungal hyphae, but not plant roots, to cross it. Injections of ["&N, 2-"$C]glycine were made into the soil chamber. The hyphal crossings on half of the rhizoboxes were regularly disrupted to control for leakage of label across the barrier. Plants in the intact rhizoboxes showed significantly higher "&N enrichment than those in controls, and mycorrhizal root tips were significantly more enriched than bulk roots. The mycorrhizas transferred an average of 1n3% of the added "&N label to plants, a figure comparable to those obtained in previous studies in which plant roots were directly exposed to label. We conclude that fungal associations have an important role in the N nutrition of K. myosuroides by transferring N from amino acids to their hosts.

The importance of organic nitrogen (N) to plants in the Colorado alpine ecosystem has been recognized only recently. The dominant plant species of alpine dry meadow communities, Kobresia myosuroides, a tussock-forming sedge, can rapidly absorb amino acids from hydroponic solution in a non-mycorrhizal state (Raab et al., 1996) , and can compete with soil microbes for glycine under natural conditions (Lipson & Monson, 1998) . That K. myosuroides can be ectomycorrhizal has been noted by several authors (Haselwandter & Read, 1980 ; Kohn & Stasovski, 1990 ; Gardes & Dahlberg, 1996 ; Massicotte et al., 1998) . However, the role of ectomycorrhizas (ECM) in the N nutrition of this plant has not been studied. K. myosuroides is frequently infected with at least three species (based on internal transcribed spacer (ITS)-RFLP patterns) of ECM at our Colorado sites, one of which is currently identified as Cenococcum geophilum (C. Schadt, unpublished) . Roots of K. myosuroides are also frequently infected with a dark septate fungus. These fungi might contribute to nutrient uptake in other alpine plants (Haselwandter & Read, 1982 ; Mullen et al., 1998) . Although the associations in K. myosuroides seem to be facultative, in one study 50% of collected plants were infected with ECM (Kohn & Stasovski, 1990 ). To our knowledge, K. myosuroides is the only member of the Cyperaceae that forms associations with ectomycorrhizal fungi.
Ectomycorrhizas have been shown to translocate N from organic sources such as peptides, proteins and amino acids to plants (see, e.g. Abuzinadah & Read, 1989 ; Finlay et al., 1992) . Given the presence of amino acids in alpine soils (Raab et al., 1996) and the prevalence of infection with ECM, it is possible that these fungi are active in supplying N from amino acids to K. myosuroides. The aim of this study was to test the hypothesis that fungal associates of K. myosuroides can take up amino acids efficiently and translocate N to the host plant.
  

Site description, plant collection and growth conditions
Intact tussocks of Kobresia myosuroides (Vill.) Paol. and Fiori, as well as native soil, were collected from a dry meadow (sensu May & Webber, 1982) at the Niwot Ridge Long Term Ecological Research site in the Front Range of the Colorado Rocky Mountains, USA (40m 03h N, 105m 35h W, altitude 3550 m). The tussocks were kept in environmental chambers (Conviron, Asheville, NC, USA), programmed to mimic an alpine summer climatic regime (temperature range : 10-15mC, 16 h photoperiod).
Rhizobox construction
Rhizoboxes were constructed as described by Faber et al. (1990) . The boxes consisted of two 12 cmi20 cmi3 cm chambers, each bounded on the outer face by Perspex, and on the inner face by a layer of 20 µm nylon mesh (Nitex, Tetko Inc., Lancaster, NY, USA). The nylon mesh allowed fungal hyphae to pass through but prevented the growth of plant roots. A coarse polyethylene screen separated the two nylon barriers to provide a 1 mm air gap and thus prevent the flow of soil solution between the two chambers. The bottom of the plant chamber was elevated 2 cm relative to the soil chamber to prevent leachate from the soil chamber from contaminating the plant chamber.
Pieces of tussock were placed into the plant chamber, which was then filled with loose alpine soil. The boxes were wrapped in aluminium foil to prevent the growth of algae on the Perspex faces, and were placed in the environmental chamber. The rhizoboxes were kept in the environmental chamber for 6 months to allow the establishment of hyphal connections across the barriers. Boxes were watered and randomly rearranged on a weekly basis.
Two separate experiments were performed. The first experiment included four rhizoboxes and the second included six. The boxes were randomly assigned to one of two treatments described in the next section. Plant biomass did not differ significantly between the two treatments. Before the labelling period began, small subsamples of leaf, stem, mycorrhizal root tips and uninfected primary roots were taken to provide initial isotopic concentrations of "&N and "$C.
Labelling procedure
Before each injection of label, the hyphal connections in the control group were severed by slicing between the nylon barriers with a knife. Every 3 d, all rhizoboxes were injected three times along the width of the soil chamber with 10 ml of 2 mM ["&N, 2-"$C]glycine (99 atom% N and C-2) (Sigma Biochemical Co., St Louis, MO, USA). The final glycine concentration in soil pore water (discounting adsorption on the soil exchange complex and preexisting soil glycine) was c. 0n4 mM after the injection of label. Injections were made with a 50 cm$ syringe attached to a 20 cm length of stainless-steel tubing (2 mm outer diameter), which allowed the glycine to be injected evenly along the soil profile by gradual withdrawal of the tube.
After 21 d the rhizoboxes were harvested. Stones and dead plant material were sieved (4n75 mm) from the soil and discarded. Live plant tissue was separated into roots, stems (the fleshy white base of the tiller) and leaves (the green extended portion of the tiller). Samples of mycorrhizal root tips were removed for separate analysis. In the second experiment, stems and leaves were combined. Plant tissues were rinsed in deionized water and dried to constant weight at 55mC in a drying oven. In the first experiment, most roots were preserved in FAA (90% formalin, 5% acetic acid, 5% ethanol) to verify infection with ECM. In the second experiment, all tissues were dried and weighed to allow a massbalance accounting of label incorporation. The density of hyphal crossings of the nylon barrier was quantified on the soil chamber side under a dissecting microscope. Infection of roots with ECM was verified under a dissecting microscope. Infection by the dark septate fungi was verified under a compound microscope. Because of the dark pigmentation of this fungal type, staining was not necessary. Roots were sliced finely along their length with a razor blade, placed on a microscope slide in a wet mount and observed under i400 power.
Dried plant tissues were weighed and ground to a fine powder with a mortar and pestle for bulk roots, and a micropestle and microcentrifuge tube for mycorrhizal roots, stems and leaves. Plant tissues were weighed on a microbalance, packaged in tin capsules and analysed for "$C and "&N by Dumas combustion (Roboprep CN Biological Sample Converter, Europa Scientific, Crewe, Cheshire, UK) and mass spectrometry (Europe Scientific) at the Stable Isotope Facility of the University of California at Berkeley (Berkeley, CA, USA). Initial natural abundance values in tissue were subtracted from the isotopic concentrations measured after the experiment to determine the uptake of label. Isotopic concentrations are expressed in delta notation, relative to the atmospheric standard for "&N (0n3663%), and the Pee Dee belemnite (PDB) standard for "$C (1n123%).
Statistical analysis
SAS software was used for all statistical analyses (SAS Institute, 1990) . Differences in isotope incorporation between the two treatments for combined data from both experiments were tested by using a two-way ANOVA, with experiment and treatment as the main effects. The percentage recovery of added label could be calculated only in the second experiment ; differences between treatments were therefore tested by using a one-way ANOVA. Because the variances were unequal between treatments, data were log-transformed before analysis. To test whether the ratio of label in mycorrhizal roots to that in bulk roots was significantly different from 1n0, the TEST option of the REG procedure of SAS was used.

Roots of every plant showed ectomycorrhizal associations with C. geophilum and tan-coloured ECM, and were infected with a dark septate fungus. Hyphae observed crossing the nylon barrier were morphologically similar to those observed on the roots, although non-mycorrhizal saprotrophic fungi were probably also present.
In the first experiment, plant tissues from boxes with intact hyphae were clearly enriched in "&N relative to those from the control treatment (Table  1) . There was no evidence of "$C enrichment in plant tissues except in a single mycorrhizal root sample. Boxes 3 and 4 were controls, in which hyphal connections were severed. ' Stem ' refers to the unextended leaf bases. MR, mycorrhizal root tops ; BR, bulk roots. Boxes 4-6 were controls in which hyphal connections were severed. Hyphal crossings are the number of hyphal intersections across the barrier per cm#, MR is the enrichment in mycorrhizal root tips, and MR : BR is the ratio of isotopic enrichment of mycorrhizal root tissue to that of bulk root tissue.
There was a higher level of variability in the control treatments in the second experiment ( Table  2 ). The increased recovery of "&N in plants with intact hyphae was marginally significant (P l 0n064). The two-way ANOVA performed on the combined data for the two experiments revealed significant "&N enrichment in leaves (P l 0n004) and bulk roots (P l 0n022) from intact treatments relative to controls. The treatment effect on "&N in mycorrhizal root tips was marginally significant (P l 0n087). In all replicates, mycorrhizal roots were more enriched in "&N than were bulk roots (Table 2) (P l 0n034). By contrast, there was scant evidence for "$C transfer to plants. Mycorrhizal root tips were the only tissue to show a significant enrichment of "$C relative to controls (P l 0n03), and this effect was due mainly to a single sample from experiment 1.

The significantly higher levels of "&N in plants with intact hyphal connections compared with those in controls with severed hyphae confirm our hypothesis that the fungal associates transfer N from glycine to the host plant. The finding that ectomycorrhizal root tips contained, on average, 4n7-fold more "&N label than did the bulk root fraction indicates that ECM are largely responsible for the N transport. When the mean percentage recovery of "&N in the plants from the control treatment is subtracted, an average of 1n3% of the added "&N is found in the plant, a figure comparable to that in experiments in which plant roots had direct access to labelled glycine (3n5% recovery) (Lipson & Monson, 1998) .
Clearly, whereas N from glycine was translocated to the plant, C from glycine was not. The only samples that showed "$C enrichment relative to controls were mycorrhizal root tops. The "$C label in these tissues could be attributed to the fungal component. This result is not surprising, given that N transfer between ectomycorrhizal fungi and the host plant is thought to be in the form of glutamine, glutamate or alanine (Chalot et al., 1991 ; Marschner & Dell, 1994) . Thus, the possible routes of C from glycine into the plant are indirect. Glycine could be converted through serine to pyruvate and metabolized through the tricarboxylic acid cycle (Stryer, 1988) , or glycine could be deaminated to form acetate and then contribute C skeletons via the glyoxylate cycle (Van Laere, 1994) . In either case, the labelled C would be diluted by a large pool of unlabelled metabolic intermediates and its appearance in the plant in detectable levels would be unlikely. A previous microautoradiographic study with ["%C] glycine showed that a large portion of added C from glycine was retained in the mycelium of a Douglas fir mycorrhiza (Bledsoe et al., 1989) . By contrast, a recent study in which dual-labelled glycine was added to the organic layer of a boreal forest found that trees (Pinus sylvestris and Picea abies) infected with ECM took up at least 42% of the "&N as intact glycine (Na$ sholm et al., 1998) . However, as this was a field experiment, glycine uptake by plant roots could not be distinguished from that taken up by ECM, and thus the "$C found in plant tissues could have been due to nonmycorrhizal uptake. In previous experiments in which dual-labelled glycine was added directly to K. myosuroides tussocks, approximately equivalent amounts of "$C and "&N were found in plant tissues (Lipson & Monson, 1998) . It is also possible, given the unique occurance of ECM in this family, that the associations between the sedge K. myosuroides and its ectomycorrhizal fungi are quite different from those found between boreal trees and their ectomycorrhizal fungi.
The only fungal tissue sampled was on the mycorrhizal root tips, far from the site of uptake. These were only slightly enriched in "$C. Because we did not sample hyphal tissue from the bulk soil, it is not certain that most of the added glycine was taken up by ECM before it was mineralized in the soil. However, given the high recoveries in the plant, the high affinities for amino acids of many ECM (see e.g. Chalot et al., 1996) and the immobilization potential of soil microbial biomass (Fisk et al., 1998) , it is likely that much of the mycorrhizal uptake was direct. If the N was taken up as ammonium and translocated to the plant, this would be highly significant, as K. myosuroides is unable to absorb ammonium in a non-mycorrhizal state (Raab et al., 1996) . The lack of "$C in the plant also rules out the possibility that glycine was decarboxylated in the soil and transferred into the plant as "$C-labelled methylamine.
Our results show clearly that fungal associates of K. myosuroides can contribute significantly to the N nutrition of this plant, and have access to N from amino acids. The identities of these fungal associates, and the extent to which they contribute to the annual N budget of the host, remain unknown.
